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PART I

                                      Ludivine Ceard , CP3 , Petnica 2014 

How did we end up building such a thing as the LHC?

● Accelerators : why?

● Accelerators : What?

● The LHC

● Data Taking and Grid

● The Structure of an event

● Analysis of the data in detectors

● What is an Analysis?
    

● CERN's accelerators complex
● Technology challenges
● Magnets
● The LHC Story
● Lumi and Pile-Up
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Accelerators : why?

                                      Ludivine Ceard , CP3 , Petnica 2014 

● Standard Model : seen on your 
previous course, seems like a good 
theory but how to verify the existence of 
the predicted particles?

State of observation before LHC starts.

● What is left to be answered?

● Accelerators by accelerating and 
colliding the particles allows the creation 
of particles we couldn't observe 
otherwise because they decay too fast.
 

● High energy allows to create high mass 
particles

Most of them observed in the past : USA 
(Tevatron, SLAC), CERN (SPS + LEP).
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Accelerators : why?
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To be answered :
● the Higgs prediction : (flashback before 2012) last particle predicted by the SM 
with the Higgs field, responsible for the mass of all particles. 
But hasn't been observed yet : Does it exist? What are the properties? 
Should we look for another mass explanation?

● Quark-Gluon plasma : a window to the early stage of our universe.
After the Big Bang, the Universe went through a stage where matter existed as a hot dense 

soup of elementary particles. Cooling → quarks trapped (confinement).
Can reproduce the QGP by colliding heavy ions. T ~ 1M * TSun

● Matter-antimatter : there should be in equal amount, but the matter dominates.
We have upper limit on amount of anti matter from gamma-rays and cosmic microwave 

background.

● dark matter : cosmo and astro observations showed that all visible matter ~ 4% of the 
Universe. Search for particle or explanation responsible for dark matter (23%, 
supersymmetric particles?) and dark energy (73%). 

● force unification : how does gravity fit into the picture?
SM does not offer a unified description of all fundamental forces : gravity cannot be described 

like the 3 others. Supersymmetry (with massive partner for SM particles?)
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Accelerators : why?
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Accelerators : why?
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Interesting = rare , heavy = energy
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Accelerators : why?

                                      Ludivine Ceard , CP3 , Petnica 2014 
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Accelerators : why?
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Interesting = rare , heavy = energy

● The interesting processes are rare = small 
cross section = small probability to happen.

● The cross sections of the production of 
those interesting events containing heavy 
particles increases dramatically with the 
energy at the center of the collision.

hadrons -> highest energy but initial state not 
precisely known due to proton being a 
composite particle from quarks and gluons

leptons -> for precision physics since initial 
state of collision known precisely. But 
energy not so high.

Types :
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Accelerators : what?
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Very first ones :

Electrostatic field do not change with 
time. Disadvantage = large electric 
field needed to accelerate particles to 
experimentally useful E.

Van de Graff
1931
2MeV

Cockcroft-Walton
1932

Oscillating : require fields that 
periodically change with the time.
→ acceleration to extreme high E

And later :
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Linear Accelerators
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LINAC

Largest LINAC at SLAC US : 3.2km, e- and e+ , 50 GeV

Basic principles of LinAcs unchanged since Wilderoe (1920’s)
● Alternative current (periodically reversed flow of electric charge) and series of drift tubes.
→ particle accelerated during a peak of voltage and hidden in drift tube during anti peak to avoid come 
back to starting point
● As particle get faster the drift tube need to get longer : length is one limiting factor for high energies 

LINAC 4 being build at CERN

Need to synchronize between particle speed and electrical field.
Synchronous phase → creation of bunches of particles.
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Linear Accelerators

                                      Ludivine Ceard , CP3 , Petnica 2014 

LINAC

As v
particle

 ~  speed of light the switching rate of the electric fields becomes so high that they operate at 
radio frequencies and so resonant microwave cavities are used in higher energy machines instead of 
simple drift tubes.

RF cavities at LHC
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Cyclotron
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Cyclotron

● Principle : magnetic field applied 
perpendicular to the plane of motion of 
an accelerated particle.
→ even more accelerated

● Constant magnetic field.

● Classical mechanics. 25 GeV max! 

First cyclotron:  E.Lawrence in the 30's
2 D-shape electrodes alternatively 
charged by oscillator.

Take into account the effects of relativity on 
mass of particles approaching the speed of 
light . 

→ 1945, called Microtron.

Improvement
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Synchrotron
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Synchrotron Synchrotron radiation

● Idea = keep the accelerated 
particles on a constant orbital 
radius.

● Synchronize the B with the energy 
of the accelerated particles.

● First in 1954. Many since! 

● An electromagnetic radiation 
emitted by an accelerated particle 
with v ~c and a trajectory bended by 
a magnetic field.

● Synchrotron radiation :
  energy loss ~ 1/mass4  
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Synchrotron
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Notation √s = blabla eV

• Creates antiprotons by
colliding protons on Ni
Target

● Highest energy 
achieved with particle 
against anti-particle: 
1.96 TeV 

● But difficulties to 
produce and store them
                Solution = 
proton against proton

Proton-antiproton collider 
Tevatron (1980s-2010)

Proton-antiproton collider
Tevatron (1980s-2010)
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LHC

                                      Ludivine Ceard , CP3 , Petnica 2014 
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CERN's accelerators complex

                                      Ludivine Ceard , CP3 , Petnica 2014 
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CERN's accelerators complex
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1 bottle of Hydrogen
→ several weeks 
of LHC run

50 MeV

(1978)
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CERN's accelerators complex
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50 MeV to 1.4 GeV
(1972)

50 MeV

(1978)
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CERN's accelerators complex
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50 MeV to 1.4 GeV
(1972)

50 MeV

1.4 GeV to 26 GeV

(1959)

(1978)
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CERN's accelerators complex
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50 MeV to 1.4 GeV
(1972)

50 MeV

1.4 GeV to 26 GeV

(1959)

(1978)

26 GeV to 450 GeV

(1976)
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CERN's accelerators complex
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2 beam pipes of the LHC  opposite clockwise. 
4 min 20 seconds to fill each LHC ring             
20 min for protons to reach 4 TeV.                    
beams circulate for hours

50 MeV to 1.4 GeV
(1972)

50 MeV

1.4 GeV to 26 GeV

(1959)

(1978)

26 GeV to 450 GeV

(1976)

450 GeV to 4 TeV (2008)
former LEP 
tunnel 1989
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Ions acceleration
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4.2 MeV/u

72 MeV/u to 5.9 GeV/u

(1959)
(1994)

5.9 GeV/u to 177 GeV/u

(1976)

177 GeV/u  to 2.76 TeV/u (2008)
former LEP 
tunnel 1989

 Highly purified lead sample heated to 
500°C. Lead vapour is ionized by an 
electron current. → selection Pb29+ . 
Acceleration to 4.2 MeV/u +  carbon foil 
→ Pb54+ . 

(1996)
 4.2 to to 72 MeV/u

Pb54+  beam is accumulated, then accelerated 
to 72 MeV/u in the Low Energy Ion Ring (LEIR)

eV/u 
= energy per nucleon
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Technology challenges

                                      Ludivine Ceard , CP3 , Petnica 2014 

Numbers!

 The beam vacuum pressure : 10-13 atm, to avoid collisions with gas molecules :    
 vacuum similar to interplanetary space:
 pressure in the beam-pipes will be ten times lower than on the Moon

Several thousand billion protons
99.9999991% of light speed
Orbit 27km ring 
1 turn : 11 000 times/second
A billion collisions a second

LHC 1.9 degrees above absolute zero = - 271 C
Outer space 2.7 degrees above zero = - 270 C

Beams squeezed to about 16 µm (a human hair is about 50 µm thick).

 The total energy in each beam at maximum energy is about 350 MJ, which is about as 
energetic as a 400 tonnes train, like the French TGV, traveling at 150 km/h. 
This is enough energy to melt around 500 kg of copper. 
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Technology challenge
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Dipole magnets

To guide the accelerated protons :

7000 GeV Proton storage ring
dipole magnets N = 1232
l = 15 m
q = +1 e
Example LHC:

– more than 100,000 times 
more powerful than the Earth’s 
magnetic field!

Designed for 14 TeV.
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More on Magnets
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How do they do?
● LHC dipoles use niobium-titanium (NbTi) cables, which become 
superconducting below a temperature of 10 K (–263.2°C)
→  conduct electricity without resistance. 

● LHC operate at 1.9 K 

● Current of 11 850 A flows in the dipoles, to create the high 
magnetic field of 8.33 T
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The LHC story
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Past
10 September 2008  :  first beam!
19 September 2008  :  LHC accident , faulty electrical bus connection → release of He→ damages
November 2009        : 1.18 TeV per beam
30 March 2010          : first collisions! at 7 TeV!
Ap 2010 – Nov 2011 : p-p coll. at 7TeV               Nov 2011-Dec 2011 : Pb-Pb coll. at 2.76 TeV/u 
Ap 2012 -Dec 2012   : p-p coll. at 8TeV               Jan 2013- Feb 2013 : p-Pb coll.   at 5.02 TeV/u 
              

Future

We are here : Long ShutDown
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Luminosity
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Instantaneous versus time
Unit : cm-2 s-1 

Integrated versus time
cm-2 → barn 

1 barn = 10-24 cm-2



  28

Luminosity

                                      Ludivine Ceard , CP3 , Petnica 2014 
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Luminosity

                                      Ludivine Ceard , CP3 , Petnica 2014 
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Pile-Up
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Price to pay for luminosity!

Event with 29 reconstructed vertices

Pile Up is the number of pp collisions in 1 bunch crossing. 
Characterized by several primary vertices (hard process spot).
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Detectors
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The Four Main experiments of the LHC

LHCb

ATLAS

CMS

ALICE
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A collision in CMS

                                      Ludivine Ceard , CP3 , Petnica 2014 
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Coordinates 
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As a consequence of the collision kinematic, the visible pZ is not known.
Only the conservation of the transverse momentum pT can be used.

Use relativistic cylindrical coordinates

in massless  approximation
pseudo rapidity ~ rapidity

rapidity is Lorentz 
invariant

Typical inputs of 
 4-vector:
   pT, Φ, η, E
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Data taking
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The LHC computing GRID

● Number of collisions : 
 more than 500 Millions per second ~ 20 MHz

● The LHC experiments represent about 150 million 
sensors delivering
data 40 million times per second. 
 
● After filtering there will be about
100 collisions of interest per second.

● The data flow from all four experiments will be 
about 700 MB/s ~15 PB per year 
~ a stack of CDs about 20 km tall each year. 

● Enormous amount of data will be accessed and 
analyzed by thousands of scientists
around the world. 

● LHC Computing Grid built and maintain a data 
storage and analysis infrastructure for the entire 
high-energy physics community that will use the 
LHC.

2 levels of Trigger for each exp :
● Low level trigger 100 kHz in the 
cavern, 20 µs to decide → 
storage underground
● HLT 600 Hz, 100 ms to decide 
→ storage on the ground → T0
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The Grid
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By 2012 data from over 3*1014 LHC 
proton-proton collisions had been analyzed. 
LHC collision data was being produced at 
approximately 25 petabytes per year, and 
the LHC Computing Grid had become the 
world's largest computing grid comprising 
over 170 computing facilities in a worldwide 
network across 36 countries
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The structure of an event : pdfs

                                      Ludivine Ceard , CP3 , Petnica 2014 

Incoming beams : 
parton density (measured)

Partonic cross section : phase 
space * matrix element

for most processes LHC is mainly a gg collider.
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The structure of an event : pdfs
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Incoming beams : 
parton density (measured)

Partonic cross section : phase 
space * matrix element

for most processes LHC is mainly a gg collider.
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The structure of an event :  hard process
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Hard subprocess described by Matrix Elements
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The structure of an event : resonance 
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The hard process may produce a set of 
short-lived resonances, like the Z0/W± gauge 
bosons.
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The structure of an event : ISR
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Initial State Radiation
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The structure of an event : FSR

                                      Ludivine Ceard , CP3 , Petnica 2014 

Final State radiations
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minimum bias

     An event : underlying event - minimum bias

                                      Ludivine Ceard , CP3 , Petnica 2014 
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An event : hadronization

                                      Ludivine Ceard , CP3 , Petnica 2014 

Jets :

Quarks and gluon in the detector cannot be observed as free particles but as many 
Hadrons and in the detector as a jet of particle in a narrow cone.
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An event : hadronization
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Jets :

Quarks and gluon in the detector cannot be observed as free particles but as many 
Hadrons and in the detector as a jet of particles in a narrow cone.
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QCD and consequences
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Enormous QCD background compared to what is interesting with jets :

flashback 2009

Light objects cannot be observed in fully 
hadronic state → need an isolated lepton

A cross section  :  σ = N/L

N is the number of events
L is the total integrated luminosity

Given a fixed luminosity, you expect :
X number of Z-boson events, Y number of tt events
Z number of Higgs events
All have different cross sections

Represents a probability that an event will occur
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Analysis of the data
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The Final State investigation 
● We can only observe the final state of the particles in the detectors : e, µ, γ and hadrons
● We can only reconstruct those final state objects from theirs signatures/tracks left in the 
detectors
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Analysis of the data
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The Final State investigation 

MET = the negative the vector sum of all the transverse components of observed energy.
It Indicates the presence of weakly interacting particles, usually neutrinos, but possibly new 
exotic objects that interact only weakly.
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An analysis
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Definition of Signal :
● The Signal is the process we want to observe = the final State we are looking for in the 
detector.

For example a Z decaying into 2 µ : 

Definition of Background :
● All other processes that give the same final state or 
“mimic” the same final state :
since the objects (like muons here) are reconstructed  

 from the detector info, there can be sometimes            
 mis-reconstruction of the object.
● To evaluate the shape of those background we use 
MC simulations of those bck processes.

So selection of 2 µ in the data.
+ comparison to the simulation of Z→µµ 
process via MonteCarlo.

So the data selected <=> the signal + the background 
that couldn't be avoided to be selected at the same time.

Set up of cuts on the properties of the objects :

Cuts on object properties (pT, Φ, η, E , MET) are decided to keep max of signal while 
removing max of background.
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Monte Carlo Simulation
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Simulation of collisions between particles, used in all p.physics experiments :

MC is not the truth !
What happened in the MC generator didn't happen at the LHC
The MC is our best guess
The MC only simulates specific physics processes
→ when possible comparison of the data with different type of generators

We can simulate the events Standard Model like.
But also according to other non verified assumptions!

4 vectors final state hadrons

Analysis objects : e, µ

MC sample same format than data

trigger, tracking, calorimeter sim 

MEM : hard process
  Resonances (like Z-> ee)
  Showering : ISR, FSR
  Underlying events
  Hadronisation of q and g

+ generated (truth info)
= Reco and Gen objects

The cross section calculation may be:
Wrong, Incomplete, Inaccurate 
The MC code with unknown bugs in it
Higher order corrections which have not
been calculated
Cannot account for all detector effects
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An analysis
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Which quantities we are looking at :

Standard Model Physics :
● check of well known quantities and comparison with the MC to get confidence in our     
measurement (mass of Z for eg)
● check of kinematics variables : pT of objects, combined mass of system (several jets 
together), MET, Number of jets in the event, angular distribution
● calculation of the cross sections

Searches :
● quantities where some deviation from the SM prediction 
is expected (thank you theorists)  =
we look at the data and at the Standard Model MC simulation : a big deviation data/MC 
can be a prove of new physics.
● Invariant mass for possible unknown resonances

See Higgs example!!

Errors :

Statistical, systematical
Efficiencies, purity ...
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Detectors
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The Four Main experiments of the LHC

LHCb

ATLAS

CMS

ALICE
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PART II
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Let's see what people are really doing as Physics at the LHC.

● CMS : Compact Muon Solenoid

● ATLAS : A Toroidal LHC ApparatuS

● The Higgs discovery

● Exotic and SUSY searches

● LHCb

● ALICE
    

● A SMP Analysis from head to toe : the Zbb analysis example

● Search and found for the Higgs into 4 leptons

● Exotic : the example of the Z' particle search
● Status of Exotica and Susy (for experimentalists)

● The B
S → µµ 

result
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CMS : Compact Muon Solenoid 
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resolution 10 µm                          
resistant to radiation silicon        

13 layers in the central region 
and 14 layers in the endcaps

extremely dense but optically clear material 
ideal for stopping high energy particles. 
scintillates when electrons and photons pass 
through it → produces light in proportion to 
the particle’s energy. 

high pseudorapidity region 

http://en.wikipedia.org/wiki/Scintillator
http://en.wikipedia.org/wiki/Pseudorapidity
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●  Z+b-jets is background for many searches for undiscovered processes:

 *  SM Scalar:         Z(ll) H(bb)
                                H→Z(ll) Z(bb)

 *  BSM Scalar:        H→Z(ll) A(bb)     2HDM/Susy-like

CMS + SMP analysis : Zbb

4 flavor scheme

Massive b
Full event description
MadGraph+aMC@NLO

5 flavor scheme

Splitting inside PDF
Massless b 
MadGraph

➔  Study Z+bb production as function of number of b-jet , 1 or 2

➔  Understand Z+b-jets process
     Study kinematics

●  Test of perturbative QCD ...or  which way to compute reality 
is better 

Motivations: why Zbb? 

                                      Ludivine Ceard , CP3 , Petnica 2014 
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● ZZ → ll + bb

Zbb Signal and backgrounds

● tt → W(l,ν)b W(l,ν)b same FS than signal + MET

3 Backgrounds:

● Z+c and Z+l : because l and c can be confused with b!

Z + 1 b = one Z + exactly 1 b-jet      (exclusive)       = 1 step in the analysis
Z + 2 b = one Z + at least 2 b-jets    (inclusive)       = next step in the analysis

     Z →l+l-

• l = µ/e, isolated
• pt > 20 GeV
• | η | < 2.4

 b-tagged jets
• anti kT, ΔR = 0.5
• pt > 25 GeV
• | η | < 2.1

Signal:

Phase space:

                                      Ludivine Ceard , CP3 , Petnica 2014 

Partial Luminosity 2011 : 2.1 fb-1 at 7 TeV
Also an analysis with full Lumi 2011 5.0 fb-1 but more 
complicated.
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Technically :data 
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CMS provides centrally sets of data for which all the events have been triggered by the 
same characteristic : we know that in any case we want 2 electrons or 2 muons → we are 
going to use the dataset triggered by DoubleEle trigger (with a certain energy so that they 
are nicely reconstruct), and DoubleMu.

In this dataset = for one event all the objects present have been reconstructed :
                          object electrons and muons with all their characteristics : pT, η, φ, E
                          jets reconstructed with different algorithms and all char.

First step = create a skim of this huuuuge dataset by putting some of your mandatory 
requirement in a code : here we want a Z so the combination of the 2 leptons must have 
an invariant mass around the nominal mass of the Z (90 Gev) → 60 and 120 GeV.
We can also here ask for one jet. And we can start to identify the jets that can be b jets.

This reconstruction has been done in several steps in T0 then checked by poor shifters, validated, 
moved to T1 → many people are involved in the collection and creation of one dataset.

Rappel :
Invariant Mass

Use the Grid to send your jobs on T2
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Zbb : b-tagging  

b bbar event

● B hadron longer time of flight 

● Reconstruction of a second 
vertex with dedicated algorithm

-> Distance from primary     
vertex = d0

       ->  Mass 

● Displaced tracks

                                      Ludivine Ceard , CP3 , Petnica 2014 
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Zbb : b-tagging 

● Track-counting (TC): tracks ordered by IP     
High-Eff (HE) = 2nd track,
High-Pur (HP) = 3rd track.

● Simple Secondary Vertex (SSV): at least
2 (High-Eff) or 
3 (High-Pur) tracks in vertex fit.

d0/σ0 = flight distance significance

Given by special b-tagging group
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Technically : MC
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CMS provides centrally MC simulation : remember those contain both Generated events 
and Reconstructed event (just like if they had passed through the detector).

In this dataset = for one event all the objects present have been reconstructed :
                          object electrons and muons with all their characteristics : pT, η, φ, E
                          jets reconstructed with different algorithms and all char.

First step = run the exact same code than for data before to create a skim of this huuuuge 
dataset : you will end up with the same requirement on the Reco objects than for the data.

Groups of people are obliged to run all those MC simulation (running during weeks or months) 

Use the Grid to send your jobs on T2

Use PhD students to send the jobs and babysit them :)

Remember :you have to do it for the signal and all the backgrounds :
We used here Z + jets for : the signal Zb
And 2 backgrounds : Z+l and Z + c

We used a ttbar sample for ttbar background.

And a ZZ sample for the ZZ background.
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Technically : data and MC
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When all your jobs are finished and nice : 

Step 2 = putting in place the analysis code with all the cuts and plot all the interesting 
variables!

     Z →l+l-

• 2 l = µ/e, isolated
• pt > 20 GeV
• | η | < 2.4
• 60 < mll < 120 

 1 or 2 b-tagged jets
• pt > 25 GeV
• | η | < 2.1
• From algo with HEfficiencies
• No overlap with leptons from the Z : dR > 0.5

Wait a second : did we get rid of all the background possible ? … 
mhum ...

Superimpose the data and the all the different MC : signal and 
backgrounds.

Since we run now on the smaller skim : possible to do it on the 
university local server or Cern server.



  61

Background: Z + light jets

● b-tagging: background reduction

• Detached secondary vertex

• High efficiency selection: 55 %

• 1% mistag 

● background estimate

● Template fit to the Secondary Vertices Mass 
→  b purity

Z+c, Z+udsg

                                      Ludivine Ceard , CP3 , Petnica 2014 

DONE in the 
selection !

We evaluate what we 
couldn't remove with 
templates of shapes.
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   Z mass window
• 76 < m

ll
 < 106 (GeV)

Background: ttbar

● ttbar estimate:  fit to m
ll
 from templates

● ttbar reduction: 

  MET criterium 
• MET  < 50 GeV

                                      Ludivine Ceard , CP3 , Petnica 2014 

Let's do this in the Selection ! Let's do this in the Selection !



  63

 And finally : an event!
Premier candidat 

Zbb au LHC!

                                      Ludivine Ceard , CP3 , Petnica 2014 
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Angular distributions  :

● General reasonable agreement    
   data/MC (MadGraph)

● MPI contribution reasonably 

modeled from low values of Δφ
Z,bb 

Momentum distributions  :

● Slightly harder spectrum for data 
than MC at LO
→ NLO to be considered

 And finally : The plots!

                                      Ludivine Ceard , CP3 , Petnica 2014 
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Calculation of a σ

                                      Ludivine Ceard , CP3 , Petnica 2014 

We need to have access at the number of Signal events =
Number of data selected – number of background events we couldn't eliminate

We evaluated 
this :

Directly from 
MC survival 
events.

Still a lot of 
work to 
evaluate those 
corrections!
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 Multiplicity bin  Combination

 σ
hadron

(Z+1b,Z→ll)(pb)
 σ

hadron
(Z+2b,Z→ll)(pb) 

 3.41 ± 0.05 ± 0.27 ± 0.09
 0.37 ± 0.02 ± 0.07 ± 0.02

 σ
hadron

(Z+b,Z→ll)(pb)  3.78 ± 0.05 ± 0.31 ± 0.11

Unfolding and Results 

Cross sections at the particle level

➔  # reconstructed b-jets →# hadron-level b-jets
Unfolding:

     Corrections for all efficiencies and acceptance

Cross sections:
●    Results for ee and µµ channels compatible and combined in a single measurement

MadGraph expectation:  σ(Z(ll)+2b) = 0.33 ± 0.01 (stat) pb

●  Compatible with expectations from MadGraph 5 flavor corrected to NNLO

Measurement:                σ(Z(ll)+2b) = 0.37 ± 0.02 (stat.) ± 0.07 (syst.) ±0.02 (theory) pb

A-1

                                      Ludivine Ceard , CP3 , Petnica 2014 
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± 0.6 interactions 

Systematic errors on the measurement
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All the SMP results!

                                      Ludivine Ceard , CP3 , Petnica 2014 
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● Data : dataset associated to a fixed lumi and a certain trigger (preselection on data)
● MonteCarlo Simulation: Signal and Background 

Skim
1rst selection 

Definition of objects like Z

 Collection

ControlPlots
Analysis code

Final selectionsof object
Histogram production

Histograms for any variable at a 
certain step of the selection.

Some corrections 
to MC to 
reproduce better 
those data :

PileUp

Reco Leptons

B-tagging

Analysis Chain Summary
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    ATLAS : A Toroidal LHC ApparatuS

                                      Ludivine Ceard , CP3 , Petnica 2014 
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        ATLAS + Higgs Search (and found!)

                                      Ludivine Ceard , CP3 , Petnica 2014 

H → ZZ → 4leptons

One of the most sensitive 
channels.

It provides a rather clean final 
state signature.

Final state fully reconstructed
Best mass resolution
Low BR fraction (at low mass)
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H-> ZZ-> 4 leptons

                                      Ludivine Ceard , CP3 , Petnica 2014 
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H → 4 leptons

                                      Ludivine Ceard , CP3 , Petnica 2014 
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H-> ZZ-> 4 leptons

                                      Ludivine Ceard , CP3 , Petnica 2014 

Animated gif which is making my computer die!
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Higgs discovery

                                      Ludivine Ceard , CP3 , Petnica 2014 

Announcement the 4th of July 2012
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More on Higgs discovery

                                      Ludivine Ceard , CP3 , Petnica 2014 

How to observe the boson

Observe the Higgs == observe a clear excess with respect to the expected 
background (predicted for a case with no Higgs)

Several decay modes 
with different 
probabilities to happen 
in function of the mass 
it could have.
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Higgs discovery

                                      Ludivine Ceard , CP3 , Petnica 2014 

H-> γγ

Deviation from background B.
B = all standard model processes 
that can lead to a γγ final state
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Higgs discovery

                                      Ludivine Ceard , CP3 , Petnica 2014 

Exclusion of the possibilities : Brazilian plot Ratio (µ) between the observed σ 
and the σ of the Standard Model with 
the hypothesis of a Higgs of mass x.

Higgs signal ?

observed experimental limits for the 
production of a Higgs of each possible 
mass value

expected value from the SM in the 
hypothesis of no Higgs = only background
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Higgs discovery

                                      Ludivine Ceard , CP3 , Petnica 2014 

Probability : p-value plot

P-value = 
probability of the null hypothesis (no Higgs of mass x).
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Standard deviation

                                      Ludivine Ceard , CP3 , Petnica 2014 

The number of standard deviation is a convention based on the Gaussian to 
express the small probabilities

By convention/tradition we talk about evidence for 3σ et of discovery for 5σ.
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Higgs discovery

                                      Ludivine Ceard , CP3 , Petnica 2014 

Per channel

Discovery! Evidences
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Higgs discovery

                                      Ludivine Ceard , CP3 , Petnica 2014 

Latest H → WW and to fermions
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Higgs discovery

                                      Ludivine Ceard , CP3 , Petnica 2014 

Property measurements :

Spin 0 against spin 1 hypothesis
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Higgs discovery

                                      Ludivine Ceard , CP3 , Petnica 2014 

Property measurements :

Coupling strength of Higgs as function of particle mass. Combination for coupling to fermions and bosons
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CMS + exotic search (and not found!)

                                      Ludivine Ceard , CP3 , Petnica 2014 

Z' → 2leptons

● Many theories predict heavy resonances.
   - Extra dimensions 

heavy Z's (spin 1)
heavy gravitons (spin 2)

   - Grand unified theories

A search for such resonances with leptons provides a 
clean access.
Best performance with electrons and muons. Decaying 
taus are more difficult to handle.
Leptons have high momentum and care is necessary for 
the selection

Search for a narrow resonance 
(Detector resolution much 
wider than natural width of the 
resonance) on steeply falling 
SM background
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CMS + exotic search (and not found!)

                                      Ludivine Ceard , CP3 , Petnica 2014 

Z' → 2leptons

Electron selection:
Two electrons candidates with high energy deposit in the ECAL 
and associated track.
No other energy deposits around the electron candidate (ECAL 
isolation).
No other tracks in a cone around the electron candidate (Tracker 
isolation).

Muon selection:
Two opposite charge muon candidate tracks reconstructed in the 
inner tracker and the muon chambers.
No other tracks in a cone around the muon candidate (Tracker 
isolation).
Both tracks must be close to the same vertex (Cosmic muon 
rejection).
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Z' → ll

                                      Ludivine Ceard , CP3 , Petnica 2014 

Result Invariant Mass :

Z peak
control region

search region

Drell-Yan process
Irreducible 
background

Reducible 
backgrounds with 
real dileptons.
tt, WW, WZ, ...

Jet background
Jets 
misreconstructed as 
electrons or muons

Good agreement between data and SM background 
prediction. -> No new physics found (yet).



  88

Z' → ll

                                      Ludivine Ceard , CP3 , Petnica 2014 

Exclusion plots :

In absence of a significant excess over the SM 
we set limits on the cross section of new 
physics processes.

● Spin 1 and spin 2 resonances have different 
kinematics -> different acceptance in the 
detector -> Different limit plots necessary

● Limit curve below the theory line -> theory 
excluded at > 95% confidence level

● Intersection between limit curve and theory 
curve give the mass up to which the theory is 
excluded at 95% CL

In the spin 1 case: 
Z'

SSM
 excluded up to 2.96 TeV

Z'
ψ
 excluded up to 2.6 TeV
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Exotica status

                                      Ludivine Ceard , CP3 , Petnica 2014 
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SUSY state

                                      Ludivine Ceard , CP3 , Petnica 2014 
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LHCb

                                      Ludivine Ceard , CP3 , Petnica 2014 
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LHCb 

                                      Ludivine Ceard , CP3 , Petnica 2014 

Luminosity levelling

● LHCb designed to run at lower luminosity than ATLAS/CMS.
● LHCb tracking/PID is sensitive to pile-up.
→ LHC pp beams are displaced to reduce instantaneous             
   luminosity - stable running conditions.
L 2011 : 2.7* 1032cm-2s-1

L 2012 : 4.0* 1032cm-2s-1

Searching for new physics

INDIRECT search : if it's not a W but a heavier 
(unknown) particle in the virtual quantum loop 
Branching Ratio B

S 
→ µµ will be different than 

the one expected from the standard model :
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B
S
 → µµ

                                      Ludivine Ceard , CP3 , Petnica 2014 

First evidence of B
S
 → µµ :

Implication to New Physics Model

Compatible with the SM predictions.
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ALICE

                                      Ludivine Ceard , CP3 , Petnica 2014 
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ALICE Physics

                                      Ludivine Ceard , CP3 , Petnica 2014 
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ALICE Physics

                                      Ludivine Ceard , CP3 , Petnica 2014 
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ALICE Physics

                                      Ludivine Ceard , CP3 , Petnica 2014 
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ALICE Physics

                                      Ludivine Ceard , CP3 , Petnica 2014 



  99

Other experiments at CERN

                                      Ludivine Ceard , CP3 , Petnica 2014 

Many !!!!!!

Using the LHC :
● Totem forward to CMS
● LHCf forward to Atlas
● AD : from PS beam :Antiproton Decelerator : studying antimatter, first anti H atom!
● Gran Sasso (Italy) : using the neutrinos from SPS (and sometimes see them faster 
than speed of light)

Give a break to LHC :
● ISOLDE 
● Cloud, NA48, CAST, 
COMPASS ….
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Conclusion

                                      Ludivine Ceard , CP3 , Petnica 2014 

● LHC has fulfilled his contract of discovery machine :

A new scalar particle very SM-Higgs-boson-like has been discovered!

● But for the moment nothing that haven't been predicted by SM :
 Where is the New Physics?

● All physicists are waiting for the restart of the LHC in 2015 to keep 
on looking!
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Back-up Back-up 

                      Ludivine Ceard , CP3 , Blois 2014, 21/05/2014
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Z + b

                      Ludivine Ceard , CP3 , Blois 2014, 21/05/2014
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Theory

Calculations currently derived in 2 ways:

4-flavour scheme 

Dittmaier, Kramer, Spira, Dawson,
Jackson, Reina, Wackeroth

Explicit gluon splitting -> divergences
if massless b.

massive b, g -> bb , 1 or 2 b observed

5-flavour scheme

Campbell, Ellis, Maltoni, Willenbrock

g -> bb inside b-PDF -> all orders =
no divergences.

in calculations, b is massless.
second b added during parton shower

and hadronisation by Pythia

Should agree at NLO 

                      Ludivine Ceard , CP3 , Blois 2014, 21/05/2014
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LHC Run

                                      Ludivine Ceard , CP3 , Petnica 2014 

With well known processes to trust the measurements and estimate the error.

Understand basic events properties

Minimum Bias / underlying events

Pdfs
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3 / 17

Global Science

                                      Ludivine Ceard , CP3 , Petnica 2014 
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LHCb Other results

                                      Ludivine Ceard , CP3 , Petnica 2014 
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LHCb Other results

                                      Ludivine Ceard , CP3 , Petnica 2014 
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